This paper aims to measure raw material inputs and waste flows in an Irish city-region in order to analyse (i) whether there was absolute dematerialisation in the particular case-study over the period 1992-2002 and (ii) whether material consumption and waste generation were decoupled from economic growth and increases in disposable income over the same period. It was found that the selected material flow indicators showed no evidence of absolute dematerialisation over the given study period, although more recent evidence at the national level suggests that a decline in construction activity and extraction of non-metallic minerals has resulted in an absolute reduction in material consumption and it is likely that this will be mirrored at the system boundary level.
Introduction
The objective of this paper is to analyse material flows, energy consumption, solid waste generation and total emissions, including greenhouse gases (GHG) emissions and other air pollutants, in an Irish city-region in order to determine the scale of material consumption and waste output. This analysis is undertaken using a static model, which measures annual material and waste flows in a time-series and allows for trends to be inferred over a particular timeframe. Section 1 introduces the concept of material flow accounting (MFA) and its applications; defines dematerialisation and decoupling and evaluates empirical work on urban metabolism. Section 2 outlines the methodology and data sources used in this paper. Section 3 presents the results of the MFA analysis, using a range of indicators. Section 4 evaluates the MFA results and offers final conclusions.
Material Flow Accounting (MFA)
MFA allows for a holistic view of resource management with the objective of moving the emphasis away from end-of-pipe solutions towards the prevention of waste and the minimisation of material and resource use at source and along the process chain. This approach involves looking at material inputs and waste outputs as well as inefficiencies in the supply chain in terms of the processing and transformation of materials. It also allows for M A N U S C R I P T
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5 economic system (Sheerin, 2002) . Hidden flows related to foreign trade are particularly important in estimating the global environmental burden of consumption (Schandl et al., 2002 ). It was found that studies at the regional and local level are still very limited compared with national empirical studies and a standardised method has yet to be developed. In addition, data availability at a regional or local level may be limited for certain material or product flows and, therefore, may have to be estimated from more aggregated data using proxy factors. The two main methodological differences between national and sub-national studies are (i) how to account for import flows and (ii) the lacuna of data at a disaggregated level (Hammer et al., 2003b; Hinterberger et al., 2003) . This paper attempts to address the latter by suggesting a simple and transparent way of undertaking MFA for a city-region in the absence of sufficient and robust primary data. The 6 th EU Environmental Action Programme (EAP) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) emphasises the need to inter alia (i) decouple economic growth from environmental impact; (ii) achieve sustainable use of natural resources; (iii) increase resource efficiency or productivity; (iv) reduce energy or material intensity; (v) increase dematerialisation; and (vi) avoid unsustainable production and consumption (CEC, 2003; Vehmas et al., 2007) .
Input indicators include (Linstead and
Ekins
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Dematerialisation and Decoupling
One of the key policy applications of MFA is to derive indicators for resource productivity, eco-efficiency and material intensity of consumption at all levels of aggregation. These can be used to indicate progress towards dematerialisation. Absolute dematerialisation is a reduction in material throughput or energy consumption within a particular process or system over time.
Relative dematerialisation is measured by the ratio between a function of environmental pressure such as material or energy consumption or generation of emissions/wastes per physical unit and an economic output measure. MFA facilitates the assessment of the material consumption of a system for a certain base year using a static approach. This allows for the evaluation of trends in material consumption through the development of time series (Niza et al., 2009 Kovanda and Hak, 2007) . In this paper, dematerialisation will be used to refer to absolute changes in trends, while decoupling will be used to express relative changes in material or energy flows as a function of some economic parameter.
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Resource efficiency may be defined as the amount of economic activity generated from material extraction/throughput or energy consumption (WBCSD, 2000) . The eco-efficiency of urban material metabolism refers to the amount of social services per unit of resource consumption or per unit of pollution discharge during the process of urban material metabolism (Yan and Zhifeng, 2007). In this paper, environmental pressures caused by consumption, in this case by the residents of an Irish city-region, are measured in a timeseries to (i) infer any trends in absolute dematerialisation and (ii) measure relative decoupling. Alberti (1996) argues that a systematic analysis of urban sustainability should consider the direct transformation of the physical structure and habitat, use of renewable and nonrenewable natural resources, release of emissions and wastes and human health and wellbeing. In this paper, urban sustainability was assessed using biophysical indicators and the MFA framework, which measures material and waste flows. A more holistic evaluation of quality of life or ecosystem transformation could be undertaken as part of future work.
Urban Metabolism
Cities appropriate the ecological output and life support functions of the global hinterland and, therefore, a prerequisite to urban development is the sustainable use of these appropriated ecosystem services (Rees and Wackernagel, 1996) . This implies that, to achieve sustainable urban development, resource consumption and waste generation by the residents of a particular urban settlement should be within the carrying capacity or assimilative capacity of the regional or global hinterland.
Indeed, one could argue that 'true' urban sustainability implies that resources are provided for and wastes absorbed or managed by the local hinterland although in practice this is unrealistic when considering globalised city-regions. This is because these city-regions import significant quantities of materials and resource inputs to satisfy the consumption demands of the local residents and the productive capacity of local enterprise.
Human carrying capacity, which is the maximum entropic load that can safely be imposed on the natural environment, is correlated with the carrying capacity of the environment or its 'maximum persistently supportable load' (Rees and Wackernagel, 1996) . Alternatively, it could imply that the particular urban settlement is sufficiently resilient and dynamic to adapt to material and energy fluxes and system bifurcations. This can be illustrated using MFA if 
Methodology
The city-region selected was Limerick City and its environs, which is the primary urban This case study was selected as part of a wider research project, which aimed to (i) apply a number of methods to an Irish settlement to measure sustainable urban development; (ii) evaluate data availability for developing an 'urban sustainability toolkit' for Ireland; and (iii) assess commonalities and differences across different sustainability metrics (Browne, 2007) .
In order to complete a material flow analysis for the study area and assess urban metabolism, Material flow data, in weight terms, were collated for the period 1992-2002 for:
1. Domestic extraction, imports and exports of agricultural and marine biomass; forestry products; solid, liquid and gaseous fossil fuels, including coal, lignite, peat, oil, petroleum products and natural gas; metalliferous ores, waste and scrap metal; and construction materials and other crude minerals.
2. Unused domestic extraction and waste, including agriculture, aquaculture and food processing; wood biomass and wood processing; leather and textiles; petroleum refining and natural gas purification; construction and demolition (C & D) waste; and mining and quarrying.
3. Hidden flows associated with imports of raw materials, which are calculated using hidden flow coefficients and import data, and 4. Material outputs, including household, commercial and industrial waste, greenhouse gas (GHG) emissions and acidifying gases. Material outputs may also include dissipative flows although these were not included here.
Material production and trade data were collated for Standard International Trade Classification (SITC) Divisions 00-43 from the Irish CSO. Most material flow input and consumption data were only available at a national level and, in order to account for material flows in the Limerick city-region, a number of proxies had to be used, including population ratios, average household expenditure, employee numbers, ratios of construction activity and industrial output.
This was necessary due to gaps in available primary data for the Limerick city-region and the difficulty in measuring bottom-up flows for an urban conurbation of that magnitude over the given time-series. The purpose of proxy factors and ratios is to adjust national data, where
regional or local data are not available, by estimating what the potential local contribution might be on the basis of a scaled ratio. This was done using expenditure as a proxy for relative consumption and employee numbers as a proxy for relative industrial production or commercial services. Thus, national data were disaggregated on a per capita basis and then adjusted accordingly using proxy factors.
Average weekly Limerick household and national expenditure on food and manufactured household goods, including clothing/textiles, household durable and non-durable goods and miscellaneous paper and other items, was taken from the 1999-2000 National Household
Budget Survey (NHBS) micro-data and is shown in Table 1 {Insert Table 1 here}. This was used to estimate expenditure ratios or proxies, which were then used to estimate per capita consumption of goods by Limerick residents.
The expenditure proxy ratio for household durable goods was used for metallic products and other manufactured goods as well as wood products and furniture. Population proxies were used for industrial machinery and equipment, transport machinery and equipment and nonresidential construction materials and non-metallic mineral products. Total house completions in Limerick Borough and County and nationally were used to estimate the amount of residential construction in Limerick relative to national residential construction. The residential construction proxy was used to estimate residential material consumption by Limerick residents while the population proxy was used to estimate materials consumed in other forms of construction, including private non-residential construction, productive and social infrastructure.
Average weekly expenditure on residential fuel and electricity and motor fuel is also given in Table 1 {Insert Table 1 Therefore, a ratio of 0.9 was used to adjust national average transport energy use. It was assumed that these ratios applied over the case study time period. Per capita consumption was scaled up using the population of Limerick City and its environs to estimate total consumption in the city-region.
The material flow data were used to estimate consumption in the residential, commercial and public services, industry and transport sectors. All material flows, which indirectly relate to material or product consumption, were included, for example mining and agriculture, even though some of these flows may occur outside the jurisdictional boundary of the Limerick city-region. This is in accordance with the principle of consumer responsibility, when measuring environmental impact of urban residents, as opposed to geographical or territorial responsibility. Expenditure ratio proxy factors were used as they indicate the relative scale of local consumption to the national average.
Hidden flows were estimated for both domestic production and imports. Hidden flow coefficient multipliers were collated from a number of sources and were used to estimate hidden flows associated with material imports in order to give an estimate of the impacts of material extraction resulting from resource consumption in the city-region. Hidden flow coefficient multipliers were taken from international estimates for hard coal, brown coal/lignite, natural gas extraction, crude oil, peat, metals, biomass, construction materials and minerals (Bringezu and Schutz, 2001 ). These multipliers were used to estimate hidden flows 
Results
Material input and consumption data were used to calculate DMC and DMI across a number of sectors, including agricultural and marine biomass, forestry and wood products, fossil fuels, metalliferous ores, construction materials and other crude minerals. It was found that total DMC by Limerick residents increased by 83% from 1,070,300 tonnes in 1992 to 1,961,800 tonnes in 2002, as can be seen in Tables 2 and 3 {Insert Tables 2 and 3 Tables 4 and 5 {Insert Tables 4 and 5 here}.
Thus it can be seen that both total municipal waste and municipal waste per capita increased at a faster rate than DMC and DMC per capita, respectively, which indicates that policies have not been successful in decoupling municipal waste generation from material consumption. However, the increase in total waste and total waste per capita was slower than the increase in DMC and DMC per capita, respectively, which indicates that total waste generation has been decoupled from material consumption. This may be because industrial production and the construction sectors are more efficient in waste processing than household or commercial consumption and waste production.
It was found that TMI increased by 33% from 2,036,400 tonnes in 1996 to 2,702,200 tonnes in 2002. TMI per capita increased by 21% from 26 tonnes to 31 tonnes, as can be seen in Table 6 . Tables 7 and 8 .
Total air emissions generated per capita were estimated to have increased by 23% from 9.2 tonnes in 1992 to 11.3 tonnes in 2002 {Insert Tables 7 and 8 Tables 7 and 8 . 
Discussion and Conclusions
In this paper, MFA of an Irish city-region was undertaken in order to calculate trends for a number of indicators over a particular time-series. In this context, the policy objective is to estimate whether material consumption is reducing in absolute terms or whether there is decoupling of consumption or waste from economic growth. It was found that, although both DMC and DMI per capita increased between 1992 and 2002, the increase in total waste and total waste per capita was slower, which indicates that total waste generation has been decoupled from material consumption. It can be seen in Figures 2 and 3 The research shows the difficulty in undertaking a regional or urban material flow analysis, particularly in an Irish context. Material and product consumption data had, in most cases, to be disaggregated from national data using proxy factors, although settlement-specific municipal waste data were used. This reflects a disparity in data availability between different M A N U S C R I P T Thus, it can be seen that the average figures for Limerick are considerably less than the national averages. This is reflected in the expenditure proxies as can be seen in Table 1 , which indicate that residential energy and transport fuel consumption by Limerick residents were lower than the average consumption. This may be due to economies of scale and higher public transport use or walking and cycling in an urban area.
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The Limerick results may also be compared with figures for city-regions in other 
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In addition, it may also be a result of different accounting or mass balance methods, for example by scaling national production using proxy factors rather than accounting for actual production in the city-region area using the 'territorial principle'. Average waste generated in Tables 2 and 3 .
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In addition, the results in this paper can be compared to a similar study undertaken for the same system boundary by Browne et al. (2009) . This paper aimed to measure product and waste flows in the Limerick city-region using the principles of metabolism and mass balance.
An empirical indicator to measure resource efficiency, using a ratio of waste disposal as a function of product consumption, was developed and it was found that total materials metabolic inefficiency fell by 31% from 0. This research shows that, even if relative decoupling is achieved, if resource throughput and material consumption continue to increase, then increases in recycling and recovery rates will only partially mitigate the problem and, therefore, material inputs need to be reduced at source and incentives should be in place to ensure more sustainable personal and household consumption. The lack of data availability limited the inferences that can be drawn from the results with regards to local sustainability in the particular case-study and part of future work should involve a bottom-up assessment to test the methodology. 
